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We isolated cDNA clones for two nuclear-encoded, organellar members of the Arabidopsis hsp70 gene family, mtHsc70-2
(AF217458) and cpHsc70-2 (AF217459). Together with the completion of the genome sequence, the hsp70 family in
Arabidopsis consists of 14 members unequally distributed among the five chromosomes. To establish detailed expression
data of this gene family, a comprehensive reverse transcriptase-polymerase chain reaction analysis for 11 hsp70s was
conducted including analysis of organ-specific and developmental expression and expression in response to temperature
extremes. All hsp70s showed 2- to 20-fold induction by heat shock treatment except cpHsc70-1 and mtHsc70-1, which were
unchanged or repressed. The expression profiles in response to low temperature treatment were more diverse than those
evoked by heat shock treatment. Both mitochondrial and all cytosolic members of the family except Hsp70b were strongly
induced by low temperature, whereas endoplasmic reticulum and chloroplast members were not induced or were slightly
repressed. Developmentally regulated expression of the heat-inducible Hsp70 in mature dry seed and roots in the absence
of temperature stress suggests prominent roles in seed maturation and root growth for this member of the hsp70 family. This
reverse transcriptase-polymerase chain reaction analysis establishes the complex differential expression pattern for the
hsp70s in Arabidopsis that portends specialized functions even among members localized to the same subcellular
compartment.

Hsp70s comprise one subset of heat shock proteins
that are induced by a rapid increase of temperature.
In eukaryotes, hsp70s are encoded by a highly con-
served multi-gene family whose proteins function in
all major subcellular compartments of the cell. Numer-
ous studies have elucidated hsp70 chaperone func-
tions under stress conditions and in protein metabo-
lism. Hsp70 binds and releases unfolded/non-native
proteins, thereby helping polypeptides undergo pro-
ductive folding. Hsp70 can prevent aggregation of
denatured proteins (Sheffield et al., 1990) and refold
stress-denatured proteins (Gaitanaris et al., 1990; Lee
et al., 1995; Glover and Lindquist, 1998; Goloubinoff et
al., 1999). It is also involved in translation (Nelson et
al., 1992), translocation processes (Gao et al., 1991;
Brodsky, 1996; Bush and Meyer, 1996), and steroid
receptor function (Morishima et al., 2000). In addi-
tion, cytosolic hsp70s may act as negative repressors
of heat shock factor (HSF)-mediated transcription ei-
ther by themselves or in a hsp90-associated multi-
chaperone complex (Shi et al., 1998; Zou et al., 1998).

Partial genomic sequences for three cytosolic mem-
bers of the Arabidopsis hsp70 gene family were first
described more than 10 years ago (Wu et al., 1988).
Since then, several additional hsp70 sequences have
been added to the gene database (http://www.ncbi.
nlm.nih.gov/GenBank/). With the completion of ge-
nome sequencing, 12 full-length Arabidopsis hsp70
sequences are available in the database, five genes
encoding cytosolic proteins, three encoding endo-
plasmic reticulum (ER) luminal members, and two
each for plastid or mitochondrion-localized proteins.
Although each member of the hsp70 gene family
shares a highly conserved structure and action mech-
anism, there is accumulating evidence that various
members of the hsp70 family play distinct roles in
growth and development of plants. First, they are
targeted to various subcellular compartments where
vastly different metabolic processes occur. Second,
sequence analysis classifies hsp70s into subfamilies
that may be linked to different functions. Third, ex-
pression profiles of individual members of the hsp70
family differ under various conditions and stimuli.
Important questions yet to be resolved include how
different functions are allocated to each member and
to what extent members of the family within a single
subcellular compartment are functionally distinct
and/or redundant.

Functional analysis including determination of ex-
pression patterns of hsp70s in other organisms has
been instrumental in providing information on the
diverse roles of hsp70s (Flaherty et al., 1990; Nelson
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et al., 1992; Freeman and Morimoto, 1996; Zhu et al.,
1996; James et al., 1997; Glover and Lindquist, 1998;
Goloubinoff et al., 1999; Mogk et al., 1999). In plants,
comprehensive expression analysis of hsp70s has
been limited (Duck et al., 1989; Denecke et al., 1991;
Wang and Lin, 1993; DeRocher and Vierling, 1995;
Dudley et al., 1997; Li et al., 1999) because the entire
complement of hsp70 genes has not been available or
known for any plant. The expression of 10 spinach
hsp70 genes was studied in different temperature
regimes (Li et al., 1999). In response to heat shock
treatment, all 10 members of the spinach hsp70 gene
family were induced by 1 h at 37°C and declined to
preheat shock levels by 2 to 4 h at 37°C. In contrast,
the response of spinach hsp70 genes to cold treat-
ment was not similar to the heat shock response.
There was no synchronized induction of spinach
hsp70 genes in response to cold treatment, albeit,
several members of the family were induced by 48 to
168 h at 5°C (Li et al., 1999). Three cytosolic hsp70s
(PsHSP71.2, PsHSP71.0, and PsHSP70b) in pea simi-
larly were shown to be differentially regulated
(DeRocher and Vierling, 1995). PsHSP71.0 was found
to be expressed constitutively, whereas PsHSP70b
was weakly expressed under normal conditions but
strongly induced by heat shock. In vegetative tissues,
PsHSP71.2 was expressed only upon heat shock.
PsHSP71.2 was also expressed in zygotic organs of
developing pea seeds, and the PsHSP71.2 protein
was abundant during seed development but disap-
peared within 72 h after the onset of imbibition. In
contrast, PsHSC71.0 and PsHSP70b were expressed in
both maternal and zygotic organs throughout seed
development.

Similar to pea, expression of only three Arabidop-
sis cytosolic hsp70s has been examined, whereas
available sequence information indicates that Arabi-
dopsis has five cytosolic hsp70s, (Wu et al., 1988,
1994). At-Hsc70-1/Hsp70-1 was shown to be ex-
pressed in leaves at normal temperature and further
induced by heat shock. The mRNA for Hsp70-2, lo-
cated 1.5 kb downstream from At-Hsc70-1/Hsp70-1,
was not detected at normal temperature or during
heat shock. At-Hsc70-3/Hsp70-3 mRNA was found to
be present at very low levels and showed no induc-
tion by heat shock. In addition, At-Hsc70-1/Hsp70-1
was also highly expressed at normal temperature in
root, stem, and flower but not detected in green or
yellow siliques (Wu et al., 1994).

Reverse transcriptase (RT)-PCR is a powerful
method for expression analysis of gene families be-
cause amplification from mRNAs can be highly spe-
cific and quantification of expression signals can be
rapidly performed (McDowell et al., 1996; Wang et
al., 1999). To better define the physiological roles of
hsp70s in plant growth and development, mRNA
levels for 11 Arabidopsis hsp70 genes were quanti-
fied using RT-PCR. Here, we report a comprehensive
analysis of the expression for most of the Arabidopsis

hsp70s including organ-specific expression, develop-
mental regulation, and expression in response to
temperature extremes. The data reveal that several
members of the Arabidopsis hsp70 family show dis-
tinct expression patterns, allowing predictions of
when and where function of each hsp70 is expected
to become physiologically important. These data are
necessary to devise experimental strategies to assess
phenotypes of loss-of-function mutants and trans-
genic plants that over-/under-express individual
hsp70s.

RESULTS

Arabidopsis Hsp70s Are Encoded by a Gene Family

Arabidopsis contains genes encoding five cytosolic
hsp70s, three binding proteins (BiPs) (hsp70 ho-
mologs in the ER), two plastid hsp70s, and two mi-
tochondrial hsp70s. Including the sequences of two
organellar hsp70s cloned in this study (“Materials
and Methods”), full-length sequences for 12 Arabi-
dopsis hsp70 genes are now available in the database
either from cDNA or genomic sequence, in addition
to two truncated hsp70 sequences (Table I). One of
the two truncated sequences, Hsp70t-1 (AC058785),
has no corresponding expressed sequence tag (EST)
clone in the database, whereas the other sequence,
Hsp70t-2, has a corresponding EST clone (AI996202).
This suggests that Hsp70t-1 may not be expressed or
if expressed, is so under conditions not included in
the construction of EST libraries. Although
Neighbor-Joining analysis suggests that Hsp70t-1 be-
longs to the cytosolic group, there is not enough
information to predict subcellular localization for ei-
ther Hsp70t-1 or Hsp70t-2. From the genome sequenc-
ing database, we identified a mitochondrial hsp70
and refer to it as mtHsc70-1 (AL035538) and a chlo-
roplast hsp70 as cpHsc70-1 (AL078637). We cloned
cDNAs for a second mitochondrial hsp70 and a sec-
ond chloroplast hsp70 and named them mtHsc70-2
(AF217459) and cpHsc70-2 (AF217458).

We propose a new nomenclature for hsp70 genes in
Arabidopsis to clarify and establish consistency for
this gene family. All gene names used in this study
are listed in Table I along with accession numbers.
For the remainder of this article, we will use the gene
names proposed in Table I.

Hsp70 genes are found on all five chromosomes
(Fig. 1). Six hsp70s representing members localized to
the major subcellular compartments; two cytosolic
(Hsc70-1 and Hsc70-2), two ER (BiP-1, BiP-2), one
chloroplast (cpHsc70-2), and one mitochondrial mem-
ber (mtHsc70-2) are found on chromosome 5. Of these
six hsp70 genes on chromosome 5, only two cytosolic
members (Hsc70-1 and Hsc70-2) are present in tan-
dem. Chromosome 2 harbors only one hsp70 gene,
Hsp70t-2.

The intron-exon structure of the hsp70 genes in
Arabidopsis is distinctive and different for genes en-
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coding proteins targeted to different subcellular lo-
cations (Table I). Arabidopsis hsp70 genes encoding
protein targeted to the same subcellular compart-
ment are highly conserved in the number of introns
and the length of exons (Table I; data not shown)
indicating they are likely products of gene duplica-
tion events. For example, four cytosolic hsp70 genes
(Hsc70-1, Hsc70-2, Hsc70-3, Hsp70) have one intron
each, and their corresponding exons are the same
size. The fifth cytosolic member, Hsp70b, has no in-
tron like many of the strongly heat inducible hsp70
genes in other organisms. A new hsp70 member for
the ER, BiP-3, has four introns, whereas the other two
BiP genes (BiP-1 and BiP-2) have three introns each.
There is no conservation in the length of exons be-
tween the first two BiP genes and BiP-3, indicating
that BiP-3 probably arose from a different evolution-
ary lineage. All organellar members have more in-
trons than cytosolic members.

Plastid and Mitochondrial Hsp70s Are
Highly Conserved

The two mitochondrial hsp70s, mtHsc70-1 and
mtHsc70-2, encode proteins of 666 and 682 amino
acids with predicted pI of 5.17 and 5.60, respectively.
The two plastid hsp70s, cpHsc70-1 and cpHsc70-2 en-
code proteins of 718 amino acids each with predicted
pI of 5.03 and 4.96, respectively. These organellar
hsp70s were aligned with full-length organellar

hsp70s from other plant species, revealing strong
amino acid sequence conservation. The Arabidopsis
plastid hsp70 proteins are 88% identical to each other
and 81% to 85% identical with chloroplast hsp70
proteins from other plants. The two mitochondrial
hsp70s are 78% identical to each other and 76% to
86% identical to those of other species. Sequence
alignment also revealed that mtHsc70-1 differs from
mtHsc70-2 and other plant mitochondria hsp70 pro-
teins in the N and C termini (Fig. 2). Arabidopsis
mtHsc70-1 has deletions of several amino acids in the
N-terminal signal peptide region and an insertion of
three amino acids in the C-terminal end compared
with other plant mitochondrial hsp70 proteins. This
unique C terminus of mtHsc70-1 may indicate alter-
native suborganellar localization or specialized co-
chaperone interaction that is different from that of
mtHsc70-2 and other known mitochondrial hsp70s.
The C terminus of organellar hsp70s is highly con-
served and can be used as a predictive localization
motif for organellar hsp70 proteins (Guy and Li,
1998). The C termini of the Arabidopsis plastid
hsp70s and the mitochondrial hsp70s also contain
these conserved motifs (underlined residues in Fig.
2). As noted in Table I, the proposed subcellular
localization for the 12 full-length Arabidopsis hsp70s
was consistent with Neighbor-Joining analysis (Fig.
3) and C-terminal sequence motifs. The general
branching pattern of their dendrogram is also in
agreement with previous phylogenic analyses of

Table I. Arabidopsis Hsp70 gene family
The sequences for BiP-3, Hsp70t-1, and Hsp70t-2 were identified from database searches after RT-PCR analyses were completed. The

nucleotide sequence for BiP-3 is quite divergent from BiP-1 and BiP-2. However, their amino acid sequences showed remarkably high homology.
Hsp70t-1 (617 amino acids) and Hsp70t-2 (563 amino acids) are truncated at their C-terminal ends and their subcellular localizations have not
been determined. BAC, Bacterial artificial chromosome; TAC, transformation-competent artificial chromosome.

Proposed
Name

Original
Name

Subcellular Location
No. of Amino

Acids
Introns

GenBank
Accession No.

Clone
Type

Reference

Hsc70-1 At-Hsc70-1 Cytosol 651 1 AL162971 BAC Bevan et al. (2000b)a

Hsp70-1 X74604 cDNA Wu et al. (1994)
Hsc70-2 Hsp70-2 Cytosol 653 1 AL162971 BAC Bevan et al. (2000b)a

Hsc70-3 At-Hsc70-3 Cytosol 649 1 AC011436 BAC Lin et al. (1999)a

Hsp70-3 Y17053 cDNA Hsieh et al. (1998)
Hsp70 Hsp70 Cytosol 650 1 AP002055 BAC Nakamura (2000)a

AJ002551 cDNA Hinderhofer et al. (1998)a

Hsp70b – Cytosol 646 0 AC010924 BAC Liu et al. (1999)a

BiP-1 – ER lumen 669 5 AF262043 BAC Wilson (2000)a

D89341 Genomic Koizumi and Sano (1997)
BiP-2 – ER lumen 668 5 AB017067 BAC Nakamura (1999)a

D89342 Genomic Koizumi and Sano (1997)
BiP-3 – ER lumen 659 4 AC000106 BAC Osborne et al. (1997)a

mtHsc70-1 – Mitochondrion matrix 666 5 AL035538 BAC Bevan et al. (1999b)a

mtHsc70-2 Hsc70-5 Mitochondrion matrix 682 5 AL353994 BAC Bevan et al. (2000a)a

AF217458 cDNA Vierling et al. (2000)a

cpHsc70-1 – Plastid stroma 718 7 AL078637 BAC Bevan et al. (1999a)a

cpHsc70-2 Hsc70-7 Plastid stroma 718 7 AB024032 TAC Nakamura (1999)a

AF217459 cDNA Sung et al. (2000)a

Hsp70t-1 – Unknown 617 1 AC058785 BAC Lin et al. (2000)a

Hsp70t-2 – Unknown 563 0 AC006223 BAC Lin et al. (2000)a

a Indicates direct submissions to GenBank. These entries are not included in “Literature Cited.”
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hsp70s in yeast, plants, and other organisms (Boor-
stein et al., 1994; Guy and Li, 1998).

Optimization of RT-PCR

Robust analysis of hsp70 expression required gene-
specific primers for the 11 hsp70s examined in this
study (Table II). Primers were designed to produce
PCR products with different lengths to conduct mul-
tiplex RT-PCR. However, multiplex RT-PCR could

not be used because of unequal and biased amplifi-
cation of different sequences. Therefore RT-PCR re-
actions for each gene were analyzed individually.
The conditions for RT-PCR were optimized to pro-
duce unsaturated PCR product accumulation that
retained a linear relationship with the original tran-
script levels in all samples. A range of 1 to 256 ng of
total RNA was tested and 16 and 64 ng of total RNA
were found to generate unsaturated RT-PCR product
accumulation for each gene through 25 cycles of PCR.
As an example, RT-PCR signals of Hsc70-1 over a
range of 1 to 256 ng of total RNA are shown (Fig. 4).
Two RT-PCR signals were generated for each sample;
one for the individual hsp70 gene and one for 18S
rRNA as an internal loading control. When the two
signals were not saturated in the sample, the ratios of
the two signals over a range of total RNA concentra-
tions were reasonably constant. Total RNA concen-
trations of 16 and 64 ng consistently yielded the same
ratio and also gave stoichiometric increases of RT-
PCR signals (Fig. 4). For the present analysis, 16 ng of
total RNA was used for all reactions. RNA samples
were treated with DNase I to eliminate DNA contam-
ination. However, even without DNase I treatment,
no amplification products from DNA contamination
were detected for any of the genes (data not shown).
The gene specificity of RT-PCR was confirmed by
sequencing all RT-PCR products.

Diverse Responses of Arabidopsis Hsp70s to
Temperature Extremes

Expression profiles for hsp70 genes during heat
shock or cold acclimation were determined on plants
that were exposed to 40°C for 30, 60, and 90 min of
heat shock treatment and to 4°C for 12 and 48 h of
low temperature treatment. Control plants were kept
at 20°C. The most specific response to temperature
extremes was that of Hsp70b (Fig. 5). The Hsp70b
transcript was detectable only during heat treatment
and was not detected during any other treatment or
developmental stage or in any organ. Except for
mtHsc70-1 and cpHsc70-1, all members of the family

Figure 1. Chromosomal location of hsp70 genes in Arabidopsis.
Hsp70 genes were positioned on a sequence map created by the
Arabidopsis Genome Initiative (AGI, http://www.Arabidopsis.org/
agi.html). This map contains molecular markers as well as genetic
markers.

Figure 2. Sequence alignment of chloroplast
and mitochondrial hsp70 proteins. Arabidopsis
plastid hsp70s (cpHsc70-1, cpHsc70-2) were
aligned with chloroplast hsp70s from pea, spin-
ach, and cucumber. Arabidopsis mitochondrial
hsp70s (mtHsc70-1, mtHsc70-2) were aligned
with mitochondrial hsp70s from potato, bean,
pea, and spinach. Black shading indicates con-
sensus residues common to both chloroplast
and mitochondrial hsp70s. Gray shading indi-
cates consensus residues specific in either chlo-
roplast or mitochondrial hsp70s. Brackets indi-
cate the beginning of the N-terminal, highly
conserved ATP-binding motif. Underlined resi-
dues are C-terminal signature motifs for or-
ganelle localization.
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showed induction of 2- to 20-fold by 30 min at 40°C
(Figs. 5 and 6). The induction of Hsc70-1 and BiP
expression in response to heat shock was in good
agreement with previous findings by other laborato-
ries using hybridization-based techniques (Wu et al.,
1988, 1994; Koizumi, 1996).

Despite the strong and nearly universal induction
by heat shock, repression kinetics of hsp70s were
quite diverse. Three classes of repression kinetics
could be discerned: rapid, within 30 to 60 min at 40°C
(Hsc70-2); moderate, 60 to 90 min at 40°C (Hsc70-1,
Hsc70-3, Hsp70b); and slow, 90 min or more at 40°C

(Hsp70, cpHsc70-2, BiP-1, BiP-2, mtHsc70-2) (Figs. 5
and 6).

Several hsp70s were also induced during low tem-
perature treatment, but responsiveness to cold was
limited to cytosolic and mitochondrial hsp70s.
Hsc70-1 and Hsc70-3 were induced 3- to 5-fold within
12 h at 4°C, whereas Hsc70-2 and Hsp70 were induced
10-fold or more by 48 h at 4°C. mtHsc70-1 and
mtHsc70-2 showed approximately a 2-fold increase
after 48 h at 4°C, whereas the transcript levels of both
ER and chloroplast members (BiP-1, BiP-2, cpHsc70-1,
and cpHsc70-2) showed little or no change (Figs. 5
and 6). The lack of obvious change in gene expression
of BiP-1 and BiP-2 at low temperature is similar to the
response of a spinach BiP gene (Anderson et al.,
1994).

Two interesting aspects of the temperature re-
sponse of Arabidopsis hsp70s are the absence of heat
induction of mtHsc70-1 and the induction of Hsp70b
exclusively by heat shock. The absence of heat induc-
ible expression in mtHsc70-1 appears to be due to the
absence of heat shock elements in the promoter, as
the promoters for 11 Arabidopsis hsp70 genes were
examined for the presence of two major temperature
responsive cis-elements, heat shock element (HSE),
and C-repeat or dehydration responsive element
(CRT/DRE) (Fig. 7). HSE has been linked with the
heat inducible expression of many heat shock genes
(Czarnecka et al., 1989). CRT/DRE is known to be
associated with drought- and cold-inducible expres-
sion of many genes (Yamaguchi-Shinozaki and Shi-
nozaki, 1994). Overall, the expression profiles of
hsp70 genes and the presence of cis-elements in the
promoters are in good agreement. Hsp70s that
showed strong induction by heat shock contain mul-
tiple HSE elements (Fig. 7), but no functional HSE
was found in the promoter of mtHsc70-1 (Fig. 7). One
or more CRT/DRE were found in the promoters for
strongly cold-inducible members such as Hsc70-3,
Hsp70, and mtHsc70-2. In contrast, there are excep-
tions for the presence of cis-elements and induction

Figure 3. Rooted Neighbor-Joining analysis using the CLUSTAL pro-
gram in DNASTAR for protein sequences of the Arabidopsis hsp70
gene family. Full-length protein sequences of 12 Arabidopsis hsp70
proteins and two truncated sequences (Hsp70t-1, Hsp70t-2) were
used in this analysis. The scale at the bottom represents the branch
distance as the number of changes in character states between
neighbors. Each shaded area represents subcellular localization;
from the top, cytosol, ER, mitochondrion, and chloroplast.

Figure 4. RT-PCR optimization. Equivalent increase of duplex
Hsc70-1 and 18S rRNA signal in the range of 1 to 256 ng of total RNA
was tested. The 16-ng amount of total RNA was selected for subse-
quent experiments. *, RT-PCR band for Hsc70-1. **, RT-PCR band for
18S rRNA.

Table II. Oligonucleotide primers used in RT-PCR
F, Forward primer; R, reverse primer.

Gene Primer Sequence

Hsc70-1 CG256F 59-TGCCTACGGTCTTGACAA-39
CG257R 59-ACCTGGATCAACACACCG-39

Hsc70-2 CG301F 59-TGGCCTTTCACTATCATC-39
CG302R 59-TAGAAGTCAGCTCCACCA-39

Hsc70-3 CG268F 59-CCCTTCACGCTCAAATCT-39
CG269R 59-TCCTCCAGCGGTTTCAAG-39

Hsp70 CG258F 59-TCAAGCGGATAAGAGTCACT-39
CG259R 59-CTCGTCCGGGTTAATGCT-39

Hsp70b CG284F 59-TGTCGGAGTTTGGATGAAT-39
CG285R 59-CTGTCTCAAGTCCAAGGCTA-39

BiP-1 CG260F 59-ACTAAGATGAAGGAGACAGCT-39
CG261R 59-ACTTGGTGCTGACTACTTAGA-39

BiP-2 CG262F 59-ACTAAGATGAAGGAGACGACC-39
CG263R 59-TTGGTGCTGACTGCTTAAG-39

mtHsc70-1 CG234F 59-GCTGCTGCACTATCATATGG-39
CG235R 59-CACGGAGGATACCACCTT-39

mtHsc70-2 CG266F 59-CGTTTCCTCTCCTTTCTCA-39
CG267R 59-TTTGGCTAGGTCTATTCCC-39

cpHsc70-1 CG247F 59-GGTGATCCTTGTTGGTGG-39
CG213R 59-ATCTCAACGCTTGTCTGTC-39

cpHsc70-1 CG264F 59-AGTGCCTTCTTCGGTACA-39
CG265R 59-GGACACTCAAGCTTAACATTATT-39

Hsp70 Expression
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of hsp70s by temperature stress. HSE was not found
in BiP-1 and BiP-2 where heat induction was clearly
observed, and CRT/DREs were not found in the
promoter of the strongly cold-inducible member,
Hsc70-2. A CRT/DRE, conversely, was found in
cpHsc70-2, yet cold induction was not detected. HSE
and CRT/DRE are the best characterized cis-
elements for heat and cold induction of hsp70 genes,
but heat and cold induction of hsp70 genes clearly
results from the function of a complex array of cis-
elements. For example, heat induction of BiPs with-
out an HSE can be explained by the presence of
multiple C1 elements that are critical for the unfolded
protein response (Wooden et al., 1991). Cold induc-
tion of Hsc70-2 without CRT/DRE similarly could
possibly be explained by the presence of abscisic acid
responsive elements.

Specific Members of Arabidopsis Hsp70s Are
Induced during Seed Maturation and Germination

Transcript levels of hsp70 genes in green silique (7
days after pollination [DAP]), yellow silique (14
DAP), and dry seed were analyzed. Hsp70 showed
the greatest induction (8-fold) of the family during
seed maturation and desiccation (Fig. 8). Transcript
levels of mtHsc70-2 also rose during this period but to
a lesser extent (Fig. 9), whereas the transcript levels
for Hsc70-1, Hsc70-2, Hsc70-3, BiP-1, BiP-2, cpHsc70-2,
and mtHsc70-1 were diminished. The transcripts of
Hsp70b and cpHsc70-2 were not detectable during this
stage of development (Figs. 8 and 9).

Previous analyses from our laboratory showed in-
duction of hsp70 genes around 2 d of imbibition (data
not shown). When samples were taken at 6, 12, 24, 48,
and 96 h of imbibition and analyzed, transcripts of
Hsp70 were found to disappear within 24 h after the
onset of imbibition. Hsp70b was not detected at any
time point during imbibition and germination (Fig.
8). Depending on the timing of peak expression dur-
ing germination, members of the family could be

Figure 6. Response of organellar hsp70s to temperature extremes.
Empty space indicated by a white line in the gel pictures of
cpHsc70-1 and mtHsc70-2 was cut out to achieve uniform spatial
arrangement of the images.

Figure 5. Response of cytosolic hsp70s to temperature extremes.
Two-week-old Arabidopsis plants were subjected to 4°C for 12 and
48 h for low temperature treatment or 40°C for 30, 60, and 90 min
for heat shock treatment. Control plants (C) were incubated at 20°C,
simultaneously. Signal values obtained from each gene were normal-
ized with the 18S rRNA signal value, and the resulting mean values
were presented as relative units. Error bar represents SD.
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divided into three classes; early, intermediate, and
late. The early class showed peak expression at 6 h
after imbibition, and Hsc70-2 is indicative of this
class. The intermediate class showed peak expression
between 6 and 24 h after imbibition, and the two
mitochondrial members (mtHsc70-1, mtHsc70-2) be-
long to this class. The late class showed peak expres-
sion at 24 and 96 h of imbibition and Hsc70-1,
Hsc70-3, BiP-1, BiP-2, cpHsc70-1, and cpHsc70-2 be-
long to this class. Noteworthy of this class was the
very low expression level of BiP-1 and BiP-2 in ma-
ture seed, which was followed by very strong induc-
tion at 48 and 96 h of imbibition.

Hsp70s Are Differentially Expressed in the
Organs of Arabidopsis

The expression of Arabidopsis hsp70 genes was
analyzed to determine whether individual members
of the family were expressed in particular organ(s).
Hsp70 transcripts were abundant in root but barely
detectable in other organs (Fig. 10). Hsc70-3 and
mtHsc70-1 were also detected at higher levels in root.
In contrast, Hsp70b was not detected in any organ in
the absence of heat shock. Transcripts for Hsc70-1,
Hsc70-2, Hsc70-3, cpHsc70-1, and cpHsc70-2 were de-
tected at higher levels in leaf than other organs (Figs.
10 and 11). Two ER members, BiP-1 and BiP-2, were
abundantly present in all organs tested. However,
BiP transcript levels were slightly increased in floral
tissues (Fig. 11). Unfortunately transcript levels of
mtHsc70-2 were too low to resolve organ specific
expression. Transcript levels for all members ap-
peared to diminish in young silique at 3 DAP (Figs.
10 and 11).

DISCUSSION

Temperature Response

Previous expression studies for plant hsp70s dem-
onstrated induction in 2 h of heat shock either at 37°C
or 40°C (Wu et al., 1988, 1994; DeRocher and Vierling,
1995; Koizumi, Wu et al., 1996; Li et al., 1999). Most
Arabidopsis hsp70s reached peak induction within
30 min of heat shock exposure, and the rapid re-
sponse of hsp70 genes to heat shock is not limited to
Arabidopsis, as the induction of spinach hsp70 genes
was detected as early as 5 min after heat shock (Q. B.
Li and C. L. Guy, unpublished data).

After initial heat induction Arabidopsis hsp70s
showed rapid and diverse repression profiles. The
repression of some hsp70 genes (Hsc70-2, mtHsc70-2)
starts as early as 60 min after the onset of heat shock,
whereas others (BiP-1, BiP-2, cpHsc70-2) remained at
an induced level 90 min after heat shock. Repression
patterns for Arabidopsis BiP previously analyzed
(Koizumi, 1996) were consistent with the present re-

Figure 7. Predicted cis elements in the promoters of Arabidopsis
hsp70 genes. Promoter sequences for 11 Arabidopsis hsp70 genes, a
cold-inducible gene (Rd29A/Cor78), and a heat-inducible gene
(Hsp17.4) were analyzed. The numbers at the bottom indicate the
number of nucleotides upstream to the translation initiation codon,
ATG. Induction fold of each gene in response to heat and cold are
indicated as solid diamonds; one diamond, less than 5-fold; two
diamonds, 5- to 10-fold; and three diamonds, more than 10-fold. F,
Perfect HSE (nTTCnnGAAnnTTCn or nGAAnnTTCnnGAAn). E, Im-
perfect HSE. Œ, The core sequence of CRT/DRE (CCGAC). f, TATA
box. Only a small portion (approximately 200 bp) of the promoter
region for Hsp70 was available at the time of analysis.

Figure 8. Expression of cytosolic hsp70s during seed maturation and
germination. Silique samples (S1, S2) were harvested from 5- and
6-week-old plants. S1, Silique at 7 DAP; S2, silique at 14 DAP; Sd,
mature dry seed. Samples were also harvested at 6, 12, 24, 48, and
96 h after imbibition.
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sults and demonstrate that BiP genes have a rela-
tively slower repression system than for other plant
hsp70s.

In contrast, induction by low temperature treat-
ment was limited to cytosolic and mitochondrial
members of hsp70s in Arabidopsis. Except for
Hsp70b, all cytosolic hsp70s showed strong induction
by low temperature treatment. The reason why the
cytosolic members are strongly induced at low tem-
perature is not clear, but it may be related to in-
creased demand for molecular chaperone function at
low temperature. The temperature responses suggest
that cytosolic and ER hsp70 genes are responsible for
molecular chaperone activity under heat stress, and
mainly cytosolic hsp70s are required under low tem-
perature stress in Arabidopsis.

Roles of Hsp70s in Seed Maturation

Induction of BiP expression in Arabidopsis seems
to occur earlier during seed development than in
pumpkin, rice, and wheat (Hatano et al., 1997;
Muench et al., 1997). BiPs in all three plants were
induced in the middle stages (1–2 weeks after polli-

nation) of seed development where rapid cell expan-
sion and accumulation of seed storage proteins oc-
curs but decreased rapidly toward the end of seed
maturation (Hatano et al., 1997; Muench et al., 1997;
DuPont et al., 1998). Two Arabidopsis BiP genes were
induced at or before the time of pollination. The
major seed storage protein in Arabidopsis (12S pro-
tein) begins to accumulate around 1 week after pol-
lination (Wehmeyer et al., 1996). Whether the high
transcript levels of the two BiPs in flowers were a
prerequisite for the rising flux of seed storage pro-
teins through the ER of floral organ cells requires
further investigation.

We have shown the expression of all hsp70 genes
except for Hsp70 and mtHsc70-2 was repressed in
siliques during the later stages of seed development
(7 and 14 DAP). This implies diminishing roles of
hsp70 genes during seed development. Based on the
overall low levels of hsp70 expression, siliques (in-
cluding developing seeds) may be one of the most
sensitive organs to heat stress. The decline in the
expression of hsp70 genes in seeds alternatively may
be compensated for by the increased expression of
other chaperones and stress proteins during late seed

Figure 10. Expression of cytosolic hsp70s in different organs. Rt,
Root; Lf, leaf; St, stem; Fl, flower; Si, silique at 3 DAP.

Figure 9. Expression of organellar hsp70s during seed maturation
and germination.
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maturation, including the small Hsps, Hsp101, and
LEA proteins.

Hsp70 showed a striking expression pattern during
seed maturation and germination where it was ab-
sent in flowers and young siliques but present at high
levels in dry seed. Hsp70 transcripts accumulated
during the later stages of seed development and/or
during desiccation. Hsp70 transcripts subsequently
and rapidly disappeared during germination. Similar
expression patterns were observed for cytosolic
hsp70s of pea and a mungbean hsp70 (Wang and Lin,
1993; DeRocher and Vierling, 1995). This pattern of
Hsp70 expression also closely follows the expression
patterns of small heat shock proteins (Wehmeyer et
al., 1996) and LEA genes (Raynal et al., 1999) in
Arabidopsis, suggesting that Hsp70 expression may
be regulated by a common mechanism that regulates
these classes of genes during development (Galau
and Hughes, 1987; Almoguera et al., 1998).

The presence of Hsp70 transcripts in mature dor-
mant seed makes it a preserved mRNA (Harris and
Dure, 1978). The reason for the presence of Hsp70
transcript as a preserved mRNA remains unclear, but

there are two possibilities. During imbibition and
germination, the resumption of protein synthesis
may require immediate production of the cytosolic
chaperone for efficient protein biogenesis. The Hsp70
mRNA alternatively could serve as an immediate
source of Hsp70 for translation if imbibition occurred
during a period of high temperature exposure.

Roles of Hsp70s in Seed Germination

In the early stages of germination, disaggregation
of protein bodies and use of storage proteins has to
be efficiently maintained to cope with increased de-
mand for amino acids and energy for organogenesis.
In the latter stages, a substantial transformation takes
place in seedlings during the formation of the pho-
tosynthetic apparatus and conversion of plastids to
chloroplasts, which is manifested by the greening of
seedlings approximately 48 to 96 h after imbibition.
The chaperone activities of hsp70s may be needed in
two important aspects of protein metabolism during
germination, which explains the induction of many
hsp70s. First, proteins that are unfolded or misfolded
during seed desiccation could be susceptible to ag-
gregation during seed imbibition (i.e. rehydration of
proteins), and hsp70 chaperones may need to be
present in every compartment of the cell as soon as
the cells become rehydrated to minimize the toxic
effects of protein aggregation. Second, the initiation
of active synthesis and translocation of proteins must
be protected to ensure optimal function of metabolic
processes during germination. The copious amounts
of Hsp70 transcript in dry seed may serve as a reser-
voir for rapid access to molecular chaperone activity
during the initial stages of storage protein use. In the
same context, induction of Hsc70-2 within the first 6 h
of imbibition appears just as important as Hsp70 for
the initial stages of germination since Hsp70 tran-
scripts rapidly disappeared in the first 12 h of
imbibition.

Five hsp70s, Hsc70-1, Hsc70-3, BiP-1, BiP-2, and
cpHsc70-2, were strongly induced by 96 h after imbi-
bition in this study. The induction of these genes
coincides with the greening of cotyledons and could
be involved in the use of storage proteins in cotyle-
dons, formation of photosynthetic apparatus, and the
developmental conversion of plastids to chloroplasts.
In the case of BiP induction, specific roles for BiP
proteins during germination have been elucidated in
pumpkin where induction accompanied the degrada-
tion of seed storage proteins (Hatano et al., 1997). It
was concluded that BiP functioned in the degrada-
tion of seed storage proteins by assisting in folding
and assembly of newly synthesized hydrolytic en-
zymes responsible for the degradation of seed stor-
age protein (Hatano et al., 1997), and the same may
be true for Arabidopsis.

Figure 11. Expression of organellar hsp70s in different organs. Rt,
Root; Lf, leaf; St, stem; Fl, flower; Si, silique at 3 DAP.
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Organ-Specific Expression of Hsp70
Genes in Arabidopsis

High expression in root and very low or no expres-
sion of Hsp70 in other organs suggest a specific role
of Hsp70 in root growth or function. Other hsp70s
also expressed in root are Hsc70-3, BiP-1, BiP-2, and
mtHsc70-1. When BiP gene expression was reduced in
tobacco with an antisense approach, root formation
of transgenic shoot cuttings was compromised, sug-
gesting a role of BiP in root formation (Leborgne-
Castel et al., 1999). In fact, the expression of the two
BiP genes analyzed in this study was ubiquitous,
indicating vital roles of BiP genes in whole-plant
cellular metabolism. The signal of cpHsc70-1 was
higher in leaf and very low elsewhere, suggesting a
specific role of cpHsc70-1 in chloroplast. Transcripts
of cpHsc70-2 were higher in all organs compared with
cpHsc70-1, suggesting a general role(s) of cpHsc70-2
in all forms of plastids.

In summary, we have shown that the expression
patterns of hsp70 genes, one of the most highly con-
served gene families, are distinct, and in many cases
differential expression pattern(s) can be linked to
major physiological or developmental processes oc-
curring in plants. Based on the expression patterns, a
role for Hsp70 can be ascribed to seed maturation and
germination, Hsp70b exclusively to heat stress, and
the cytosolic/mitochondrial hsp70s to cold stress. It
will be challenging to investigate how the chaperone
activities of hsp70 proteins translate into specific
physiological roles in the context of plant cell func-
tion and in the larger context of plant growth and
development. We will use the information obtained
from this study to devise experimental strategies to
assess the major phenotypes of transgenic plants that
over-/under-express individual hsp70s.

MATERIALS AND METHODS

Plant Growth and Harvest

Arabidopsis ecotype Columbia seeds were sown on
water-soaked filter paper (no. 1; Whatman, Clifton, NJ) for
germination experiments. For other experiments, plants
were grown in a commercial soil mix (Fafard mix no. 2)
containing Canadian sphagnum peat, perlite, and vermic-
ulite, watered every third day, and fertilized once a week
with a commercial fertilizer (Peter’s 20-20-20). Plants were
grown at 20°C with a photoperiod of 15-h light/9-h dark in
growth cabinets. The irradiance was approximately 150
mmol m22 s21 at canopy height and was provided by
incandescent bulbs and cool-white fluorescent tubes. Sam-
ples were harvested and flash-frozen in liquid nitrogen and
stored at 280°C until RNA extraction.

Isolation of cDNA Clones for Arabidopsis Hsp70s

A full-length cDNA clone for a plastid hsp70 (cpHsc70-2)
was isolated from Arabidopsis cDNA libraries (obtained

from the Arabidopsis Biological Resource Center, Ohio State
University, Columbus) by PCR amplification. In these librar-
ies, Arabidopsis cDNAs are size fractionated (1–2 kb, 2–3 kb,
3–6 kb) and inserted at the EcoRI site in Lambda ZAP II
(Stratagene, La Jolla, CA) phagemid. A forward primer
(CG202; 59-CCCAGTCACGACGTTGTAAAA-39) was gener-
ated for the Lambda Zap II phagemid vector. A reverse
primer (CG205; 59-GCTGCCAACAAATCA CATTA-39) was
generated from a partial EST clone (T43623) of a plastid
hsp70 that was identified by a conserved C-terminal motif.
Amplified cDNAs were cloned into pCR2.1 vector (Invitro-
gen, Carlsbad, CA). The cDNA was sequenced in both
directions and confirmed in its entirety. In addition, we
used a PCR strategy to obtain genomic fragments of all
related genes to identify an Arabidopsis homolog of plant
mitochondria hsp70. Primers were designed to encode se-
quences with exact identity between Escherichia coli DnaK
(K01298) and the Sacchromyces cerevisiae mitochondria
hsp70, SSC1 (M27229). The forward primer was derived
from NGDAWV (amino acids 98–103) of DnaK and the
reverse primer from EAAEKA (amino acid 264–269). Prim-
ers were fully redundant and had additional 59-restriction
sites. PCR was performed using Arabidopsis (ecotype Co-
lumbia) genomic DNA. Two distinct 586-bp genomic frag-
ments having ends with an exact match to the primers were
amplified. Sequencing revealed both fragments encoded
166 amino acids, interrupted at amino acid 114 by an 88-bp
intron having both consensus donor, and acceptor splice
sites. With these genomic fragments, we screened a cDNA
library prepared from Arabidopsis heat shock RNA (Helm
and Vierling, 1989) and obtained a full-length cDNA clone
of a mitochondria hsp70 (mtHsc70-2). A detailed screening
method was described previously (Schirmer et al., 1994).

RNA Isolation and RT-PCR

Organ-specific expression of hsp70s was analyzed for
roots, stems, leaves, flowers (0 DAP), siliques at 3 DAP
from 4-week-old plants, siliques at 7 DAP from 5-week-old
plants, and siliques at 14 DAP from 6-week-old plants. To
examine changes in hsp70 expression during germination,
intact seedlings at 0 to 96 h after imbibition were collected
in liquid nitrogen and stored at 280°C. Hsp70 expression
in response to temperature extremes was also examined in
plants that were exposed to 4°C for 12 and 48 h and to 40°C
for 30, 60, and 90 min. Control plants were kept at 20°C.
Temperature treatment was initiated 2 h after the onset of
the light period so that all samples would be harvested
within the light period.

Samples were ground in liquid nitrogen, and total RNA
isolated according to manufacturer’s protocol using Trizol
(Life Technologies/Gibco-BRL, Cleveland). The amount of
total RNA was determined by UV spectrophotometry. To-
tal RNA (1 mg) was treated with one unit of DNase I
(Sigma, St. Louis) for 15 min at room temperature prior to
RT-PCR to remove residual DNA contamination. Using
commercial RT-PCR beads (Amersham-Pharmacia Biotech,
Uppsala), aliquots of total RNA were reverse transcribed
into cDNA with random primer, d(N)6, then amplified with
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gene specific primers (Table I) in the same tube. When
resuspended in 25 mL, a RT-PCR bead generated a reaction
solution containing 2.0 units of Taq DNA polymerase, 10
mm Tris-HCl (pH 9.0), 60 mm KCl, 1.5 mm MgCl2, 200 mm
of each dNTP, and 1 unit of Moloney murine leukemia
virus reverse transcriptase. The cDNAs produced by re-
verse transcription were amplified with a pair of gene
specific primers (10 pmol for each primer) for each gene.
For each RT-PCR reaction, a plant 18S internal standard
(Ambion, Austin, TX) was included as a loading control.
With this standard, a pair of 18S rRNA specific primers and
a pair of competitive primers were mixed at the ratio of 2:8
(18S rRNA primers: competitive primers) to generate un-
saturated RT-PCR signals over the concentration range of
total RNA used in this experiment. PCR reactions for all
genes were subjected to 25 cycles at 95°C (30 s), 52°C (45 s),
and 72°C (90 s) with GeneAmp PCR System 2400 (Perkin-
Elmer Applied Biosystems, Foster City, CA). For the anal-
ysis of temperature response and organ specific expression,
three rounds of RT-PCR were conducted with three inde-
pendently isolated total RNA samples. For the analysis of
differential expression during seed maturation and germi-
nation, two rounds of RT-PCR were conducted with two
independently isolated total RNA samples. Twenty micro-
liters from each PCR reaction was fractionated by 1.5%
(w/v) agarose gel in Tris-acetate EDTA buffer and stained
with 0.5% (w/v) ethidium bromide. The ethidium bromide
stained gels were digitally photographed with an IS-1000
Digital Imaging System (Alpha Innotech Corporation, San
Leandro, CA). Scion Image for Windows (Scion, http://
www.scioncorp.com) program was used to quantify the
intensity of the ethidium bromide stained DNA bands from
the negative images of the gels.
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